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I.  Introduction 


The  next  generation  of  rubidium  (Rb)  and  cesium  (Cs)  atomic  clocks  will  employ  diode 
lasers  for  optical  pumping  to  improve  their  frequency  stabilities.  It  is  anticipated  that  the 
introduction  of  laser  optical  pumping  in  each  of  these  devices  will  improve  their  frequency 
stabilities  by  factors  of  nearly  100  over  current  designs  [1,2].  For  space  applications,  the  laser 
pumped  clocks  will  have  to  function  in  the  presence  of  various  forms  of  radiation.  In  particular, 
the  effects  of  radiation  on  diode  laser  function  must  be  investigated.  In  this  report,  we  discuss 
experiments  in  progress  in  the  laboratories  of  The  Aerospace  Corporation  to  determine  the  effects 
of  neutron  irradiation  on  the  operating  characteristics  of  diode  lasers  relevant  to  clock  function. 
The  emphasis  on  characteristics  pertinent  to  atomic  clock  operation  distinguishes  this  study  from 
previous  investigations  of  neutron  effects  on  diode  laser  operation  [3-5], 

Atomic  clock  operation  requires  a  population  imbalance  to  be  established  between  the  two 
hyperfine  levels  whose  energy  difference  defines  the  clock’s  internal  frequency.  Optical  pumping 
is  a  very  efficient  means  of  generating  the  desired  population  imbalance.  The  AlGaAs  diode 
lasers  [6]  are  ideal  sources  of  optical  pumping  radiation.  They  are  compact,  solid  state  devices 
whose  size  is  attractive  for  use  in  the  satellite  environment.  Additionally,  they  have  a  number  of 
spectral  properties  that  are  well  suited  to  optical  pumping  in  Rb  and  Cs  atomic  clocks.  The 
intensities  of  light  they  emit  are  adequate  for  efficient  optical  pumping  in  atomic  standards.  By 
varying  the  mole  fraction  of  A1  in  these  devices,  lasers  with  wavelengths  that  may  be  tuned  to 
either  Rb  or  Cs  optical  resonances  are  available.  Finally,  the  spectral  width  of  the  laser  light  is 
sufficiently  narrow  to  allow  effective  optical  pumping  in  the  gas-cell  environment  of  the  Rb 
standard,  as  well  as  in  the  atomic-beam  environment  of  the  Cs  atomic  clock. 

Prior  to  the  present  studies,  the  bulk  of  information  concerning  the  effects  of  neutron 
exposure  on  diode  laser  operation  dealt  with  the  radiation-induced  modifications  of  the  diode 
laser’s  output  power  versus  injection  current  curve  [3-5].  In  the  present  study,  four  tests  are  used 
to  characterize  a  laser’s  performance  before  and  after  exposure  to  neutrons.  First,  the  laser’s 
output  power  versus  injection  current  curve  is  measured.  This  characteristic  affects  the  laser 
optical  pumping  rate,  and  hence  the  signal-to-noise  ratio  and  frequency  stability  of  the  atomic 
clock.  This  curve  also  identifies  the  laser’s  threshold  current,  the  minimum  current  at  which  laser 
emission  takes  place.  Then  the  laser’s  single-mode  linewidth  versus  inverse  output  power  curve  is 
obtained.  Again  this  characteristic  influences  the  efficiency  of  optical  pumping  and  hence  the 
atomic  clock’s  signal-to-noise  ratio.  The  laser’s  single-mode  wavelength  versus  injection  current 
curve  (laser  tuning)  is  measured.  As  the  injection  current  is  increased,  the  internal  temperature  of 
the  lasing  media  also  increases.  The  increasing  temperature  causes  the  lasing  wavelength  to  shift 
to  longer  values  due  to  changing  of  the  media’s  refractive  index.  As  the  diode  laser  must  remain 
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tuned  to  the  appropriate  atomic  transition,  any  degradation  in  the  ability  to  tune  the  laser  will 
impact  the  clock’s  reliability.  Finally,  the  diode  laser’s  gain  versus  wavelength  curve  is  obtained  at 
several  injection  currents  below  threshold.  Though  this  characteristic  is  not  as  closely  related  to 
atomic  clock  performance  as  the  others,  it  is  perhaps  a  better  indicator  of  the  neutron  damage 
mechanisms  in  the  laser's  semiconductor  material.  The  range  of  tests  encompassed  in  this  study 
should  provide  a  fuller  picture  of  the  effects  of  neutron  exposure  on  the  diode  laser  characteristics 
relevant  to  atomic  standard  operation. 
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II.  Experimental  Procedure 


Experimentation  is  being  performed  on  six  Mitsubishi  Transverse  Junction  Stripe  (TJS)  ML 
3101  diode  lasers,  labeled  A  through  F.  The  lasers  are  being  characterized  at  operating 
temperatures  of  both  15  and  30°C.  Prior  to  irradiation,  the  lasers  were  characterized  using  the 
previously  mentioned  four  tests.  We  found  that  the  lasers  divided  themselves  into  two  groups. 
Lasers  C  and  D  displayed  relatively  low  threshold  currents,  approximately  15  mA,  while  lasers  A, 
B,  E,  and  F  showed  higher  threshold  currents,  all  very  near  35  mA.  Typically,  this  type  of  laser 
diode  has  a  threshold  current  near  20  mA,  with  a  maximum  of  approximately  40  mA.  After 
initial  characterization,  the  lasers  were  exposed  to  a  neutron  fluence  of  2  x  1012  n/cm2  (E  >  1 
MeV)  at  room  temperature  at  the  Sandia  Pulsed  Reactor  (SPR  III).  The  fluence  represents  the 
average  value  of  the  measurements  of  three  sulfur  dosimeters  with  appropriate  corrections 
applied  to  convert  the  dosimeter  values  to  fluences  for  neutrons  with  energies  greater  than  1  MeV. 

Upon  return  to  our  laboratory,  the  lasers’  optical  properties  were  remeasured.  To  ensure  the 
reproducibility  of  oui  spectral  measurements,  a  control  laser,  unexposed  to  neutrons,  was  also 
recharacterized.  Its  spectral  properties  were  required  to  remain  constant  prior  to  proceeding  with 
the  characterization  of  the  exposed  lasers.  In  this  report,  we  present  the  results  of  this  single 
neutron  exposure.  We  anticipate  continuing  the  study,  increasing  the  exposure  to  higher  neutron 
fluences. 
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III.  Results 


Prior  to  exposure,  all  of  the  diode  lasers  displayed  spectral  characteristics  consistent  with 
normally  behaving  devices.  After  exposure,  the  two  low  threshold  lasers  showed  no  discernible 
changes  in  operating  characteristics.  In  contrast,  the  four  high  threshold  lasers  showed  marked 
changes  in  their  performances.  These  effects  will  be  reviewed  in  the  following  paragraphs. 

In  Fig.  1,  typical  output  power  versus  injection  current  curves  are  displayed  for  a  low 
threshold  laser  (D)  and  a  high  threshold  laser  (E)  before  and  after  neutron  exposure.  No  effect  of 
neutron  exposure  is  observed  for  the  low  threshold  laser.  In  contrast,  laser  E  shows  a  slight 
increase  in  its  threshold  current  upon  neutron  exposure.  Also,  after  exposure,  this  laser  can 
produce  no  more  than  2.4  mW  of  optical  power.  The  reduced  output  power  could  degrade  the 
frequency  stability  of  a  clock  employing  this  laser.  The  behaviors  of  the  two  low  threshold  lasers 
were  consistent,  as  were  the  behaviors  of  the  four  high  threshold  lasers.  Linewidth  versus  inverse 
power  curves  are  presented  in  Fig.  2  for  lasers  D  and  E  before  and  after  neutron  exposure.  The 
low  threshold  lasers  show  no  measurable  changes  due  to  this  exposure.  In  contrast,  the  high 
threshold  lasers  show  increases  in  their  linewidths  upon  exposure.  Again,  the  potential  for 
changes  in  linewidth  upon  neutron  exposure  would  have  to  be  taken  into  account  when 
considering  the  application  of  these  lasers  in  atomic  clocks. 

Wavelength  versus  injection  current  curves  for  a  low  threshold  laser  (D)  and  a  high 
threshold-laser  (E)  before  and  after  neutron  exposure  are  displayed  in  Fig.  3.  The  apparent 
changes  in  laser  D’s  tuning  curve  upon  neutron  exposure  fall  within  our  normal  range  of  tuning 
curve  reproducibility.  Consequently,  we  cannot  state  that  the  radiation  exposure  had  any  effect  on 
this  laser’s  tuning.  However,  laser  E  displayed  a  significant  change  in  its  tuning  characteristics. 

It  is  apparent  that  wavelengths  accessible  prior  to  irradiation  are  no  longer  attainable  after 
exposure.  This  could  be  a  serious  limitation  to  the  use  of  this  laser  in  an  atomic  clock.  Again, 
the  two  low  threshold  lasers  displayed  similar  lacks  of  sensitivity  to  neutron  exposure.  Two  of  the 
four  high  threshold  lasers  were  unaffected  by  the  radiation,  while  the  other  two  showed  the  effects 
just  discussed. 

Review  of  the  diode  laser  gain  curves  may  give  some  indication  of  the  origins  of  the 
neutron-induced  effects.  One  aspect  of  the  information  supplied  in  these  curves  is  summarized 
on  the  graphs  shown  on  Fig.  4.  Laser  C,  representing  the  low  threshold  lasers,  is  unaffected  by 
the  neutron  exposure.  Laser  E,  a  high  threshold  laser,  shows  a  consistent  shift  of  its  gain  curve 
peak  to  higher  energies  after  neutron  exposure.  This  is  somewhat  surprising,  since  the  increased 
threshold  currents  observed  after  exposure  would  indicate  increased  active  region  temperature 
during  lasing.  Consequently,  a  shift  to  lower  energies  (longer  wavelength  emission)  after  neutron 
exposures  would  have  been  expected. 


7 


Singlemode  Linowidth  CMHzl  Light  Output  [mW] 


Laser  0 


Laser  E 


Injection  Current  [mAj 


Fig.  1.  Output  power  versus  injection  current  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (Q)  neutron  exposure. 
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Inverse  Output  Power  [1/mW] 

Fig.  2.  Linewidth  versus  inverse  power  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (O)  neutron  exposure. 
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Fig.  3.  Wavelength  versus  injection  current  for  a  low  threshold  laser  (D)  and  a  high  threshold  laser  (E) 

before  (X)  and  after  (O)  neutron  exposure. 
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Fig.  4.  Energy  of  gain  curve  for  a  low  threshold  laser  (C)  and  a  high  threshold  laser  (E) 
before  (X)  and  after  (O)  neutron  exposure. 


The  lack  ol  sensitivity  of  the  low  threshold  lasers’  output  power  versus  injection  current 
curves  to  this  level  of  neutron  exposure  is  consistent  with  the  findings  of  Barnes  [4j.  In  the 
present  study,  we  find  that  this  behavior  extends  to  a  range  of  optical  characteristics  relevant  to 
.  ptical  pumping  as  would  be  performed  in  an  atomic  clock. 
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IV.  Conclusions 


Application  of  the  diode  lasers  of  the  type  used  in  this  study  has  the  potential  to 
significantly  improve  the  frequency  stabilities  of  the  Rb  and  Cs  standards.  It  is  apparent,  though, 
that  neutron  exposure  can  lead  to  tuning  curve  modifications,  increased  spectral  linewidths,  and 
reduced  outpui  powers  f  urthermore,  these  results  should  extend  to  AlGaAs  diode  lasers  in 
general.  All  of  these  effects  can  result  in  degraded  atomic  standard  performance  and  potential 
failure.  This  is  not  to  say,  though,  that  these  devices  cannot  be  used  in  atomic  standards  subject 
to  a  neutron  environment.  Rather,  if  the  ultimate  operational  environment  has  the  potential  for 
neutron  exposure,  care  must  be  taken  in  use  of  the  standards.  As  a  first  step  to  reducing  a 
standard's  potential  sensitivity  to  neutron  exposure,  diode  lasers  with  thresholds  below  typical 
values  should  be  employed.  Additionally,  it  would  be  wise  to  have  a  laser  wavelength  control 
system  with  sufficient  sophistication  to  correct  any  small  wavelength  shifts  that  might  occur 
upon  exposure.  To  this  point,  we  have  addressed  the  effects  of  neutron  exposure  on  the  operating 
characteristics  of  diode  lasers  at  a  phenomenological  level.  With  further  exposures  at  increasing 
fluences  and  additional  analysis,  we  hope  to  obtain  a  more  fundamental  understanding.  Results 
of  this  more  complete  study  will  be  forthcoming. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security 
projects,  specializing  in  advanced  military  space  systems.  Providing  research  support,  the 
corporation’s  Laboratory  Operations  conducts  experimental  and  theoretical  investigations  that 
focus  on  the  application  of  scientific  and  technical  advances  to  such  systems.  Vital  to  the  success 
of  these  investigations  is  the  technical  staffs  wide-ranging  expertise  and  its  ability  to  stay  current 
with  new  developments.  This  expertise  is  enhanced  by  a  research  program  aimed  at  dealing  with 
the  many  problems  associated  with  rapidly  evolving  space  systems.  Contributing  their  capabilities 
to  the  research  effort  are  these  individual  laboratories: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat  transfer 
and  flight  dynamics;  chemical  and  electric  propulsion,  propellant  chemistry,  chemical 
dynamics,  environmental  chemistry,  trace  detection;  spacecraft  structural  mechanics, 
contamination,  thermal  and  structural  control;  high  temperature  thermomechanics,  gas 
kinetics  and  radiation;  cw  and  pulsed  chemical  and  excimer  laser  development, 
including  chemical  kinetics,  spectroscopy,  optical  resonators,  beam  control,  atmos¬ 
pheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmospheric 
optics,  light  scattering,  state-specific  chemical  reactions  and  radiative  signatures  of 
missile  plumes,  sensor  out-of-field-of-view  rejection,  applied  laser  spectroscopy,  laser 
chemistry,  laser  optoelectronics,  solar  cell  physics,  battery  electrochemistry,  space 
vacuum  and  radiation  effects  on  materials,  lubrication  and  surface  phenomena, 
thermionic  emission,  photosensitive  materials  and  detectors,  atomic  frequency  stand¬ 
ards,  and  environmental  chemistry. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device  physics, 
compound  semiconductors,  radiation  hardening;  electro-optics,  quantum  electronics, 
solid-state  lasers,  optical  propagation  and  communications;  microwave  semiconductor 
devices,  microwave/millimeter  wave  measurements,  diagnostics  and  radiometry,  micro¬ 
wave/millimeter  wave  thermionic  devices;  atomic  time  and  frequency  standards; 
antennas,  rf  systems,  electromagnetic  propagation  phenomena,  space  communication 
systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals,  alloys, 
ceramics,  polymers  and  their  compcxites,  and  new  forms  of  carbon;  nondestructive 
evaluation,  component  failure  analysis  and  reliability;  fracture  mechanics  and  stress 
corrosion;  analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures 
as  well  as  in  space  and  enemy-induced  environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray  physics, 
wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and  ionospheric 
physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing  using 
atmospheric  radiation;  solar  physics,  infrared  astronomy,  infrared  signature  analysis; 
effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  earth’s 
atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  particulate 
radiations  on  space  systems;  space  instrumentation. 


